Background: Ras signaling is known to be critical for tumor progression. Results: Ras-PI3K regulates H3K56 acetylation (H3K56ac) via the MDM2-dependent degradation of CBP/p300. H3K56ac is revealed to be associated with the transcription, proliferation, and migration of tumor cells. Conclusion: H3K56 acetylation is a critical component of the oncogenic Ras-PI3K pathway. Significance: The Ras-PI3K-AKT-H3K56ac pathway is a potential target for cancer therapy.
Ras mutations, often glycine 12 to valine (G12V), are known to be critical in both the formation and maintenance of human cancers. The constitutive expression of the active version of Ras promotes tumor initiation by activating different effectors, including Raf, PI3K, and Ras-like (Ral) 2 guanine nucleotide exchange factors (RalGEFs). These pathways further activate/ repress the activity of transcription factors (1-3) and participate in specific cellular functions. Raf is a serine/threonine kinase, and activated Raf proteins initiate a MAPK cascade that leads to transformed morphologies, anchorage-independent growth, and angiogenesis (4, 5) . PI3K activation results in phosphoinositide phosphorylation, changes in cell morphology, increased angiogenesis, and cell survival (6) . The RalGEFs are a family of guanine exchange factors that are activated by recruitment to the plasma membrane by GTP-Ras. It is at the membrane level that RalGEFs activate RalA and RalB (7, 8) . Although Raf, PI3K and RalGEF are all required to initiate tumor growth in human cells, Ras exerts its oncogenic effects through different sets of effectors during different stages of tumorigenesis (9) . Ras-PI3K activation appears to be more critical during tumor maintenance and may be particularly important for the treatment of Ras-driven human cancers (9) .
Epigenetic modifications, such as histone acetylation, methylation, or DNA methylation, are associated with transcriptional activities and cellular functions (10) . Aberrant changes in specific histone modifications, such as H3K27 methylation, as well as H3K9 and H3K56 acetylation, have been reported in a variety of human cancers (10 -13) . These modifications often affect chromatin structure and the subsequent transcriptional activity of genes (10) , including that of oncogenes or tumor suppressor genes. A recent study suggested that certain epigenetic modifications can be targeted via specific signaling pathways (14) . This finding raised the possibility that different cellular functions that are induced by specific signaling transduction events may be executed by distinct epigenetic machinery.
Here, we investigated the relationship between the Ras signaling pathways and histone modifications. We demonstrate that the Ras-PI3K signaling specifically down-regulates H3K56ac, a modification that is known to be involved in the response to multiple genotoxic agents (15) and that is considered to be a signal for the completion of the repair of doublestrand breaks (16) . We further demonstrate that the Ras-PI3K-induced reduction in H3K56ac is associated with the proliferation and migration of tumor cells by targeting the transcription of tumor-associated genes. The Ras-PI3K-induced decrease in H3K56ac and the concomitant alterations in transcription, proliferation, and tumor cell migration are partially rescued by the knockdown of the histone deacetylases Sirt1/Sirt2. Finally, we demonstrate that the Ras-PI3K-AKT pathway specifically targets H3K56ac via the MDM2-depen-dent degradation of CBP/p300. This work establishes a link between the Ras-PI3K signaling pathway and specific epigenetic machinery.
EXPERIMENTAL PROCEDURES
Reagents and Antibodies-The rabbit polyclonal anti-AKT antibody (antibody 9272), rabbit monoclonal anti-phosphoAkt (Ser-473) (antibody 4058) antibody and rabbit polyclonal anti-H3 (antibody 9715) antibody were purchased from Cell Signaling Technology. The rabbit polyclonal anti-H3K56ac antibody for ChIP (antibody 16908001, 9 l/ChIP) was purchased from Active Motif. The rabbit polyclonal anti-H4K16ac (antibody 07-329) antibody was purchased from Millipore. The rabbit polyclonal anti-H4 (ab10158), anti-H3K18ac (ab1191), anti-H3K9ac (ab10812), and anti-H4K8ac (ab15823) antibodies were purchased from Abcam. Also purchased from Abcam were the rabbit monoclonal anti-H3K56ac (ab76307), antiH3K14ac (ab52946), anti-H4K5ac (ab51997), anti-HDAC1 (ab31263), anti-HDAC2 (ab51832), anti-CBP (ab2832), and anti-p300 (ab14984) antibodies. The mouse monoclonal anti-MDM2 (antibody OP115) antibody was purchased from Calbiochem. The mouse monoclonal anti-␤ actin (antibody TA09), anti-HA tag (antibody TA04), and anti-GFP (antibody TA06) antibodies, as well as the rabbit polyclonal anti-His tag (antibody TA02) antibody, were purchased from the Zhongshan Golden Bridge Biotechnology Company. The rabbit monoclonal anti-human Sirt1 (antibody 1054-1) and Sirt2 (antibody 1999-1) antibodies were purchased from Epitomics. The MG132 (antibody C2211) and MTT (antibody M2128) were purchased from Sigma. H 2 O 2 (antibody 386790) was purchased from Calbiochem. The Cy3 AffiniPure F(abЈ)2 fragment goat anti-rabbit IgG (HϩL) (antibody 111-166-003) was purchased from Jackson ImmunoResearch.
Plasmid Construction and siRNA-The coding regions of human H3, Asf1A, Gcn5, Sirt1 isoforms 1 and 2, Sirt2 isoforms 1 and 2, MDM2, and wild-type H-Ras were amplified from HeLa cDNA using PCR. The PCR products were subcloned into HA tag or His tag vectors and were sequenced. HA tag-CBP and HA tag-p300 were gifts from Professor Y. Eugene Chin. The MDM2 C464A expression plasmid was provided by Dr. Martin R. Bennett. The pEGFP-H-Ras G12V construct was mutated using sitedirected mutagenesis. pEGFP-H-Ras G12V/E37G
, -H-Ras G12V/Y40C , and -H-Ras G12V/T35S were amplified from pBabe-H-Ras
, and H-Ras G12V/T35S , respectively, which were purchased from Addgene (catalogue number 12274, 12275, and 12276, respectively). These constructs were then subcloned into pEGFP-N1. siRNAs that were specific for MDM2, Sirt1, and Sirt2 were purchased from Shanghai GenePharma. The pEGFP-H3K56Q/A construct was constructed using the TaKaRa MutanBEST Kit (catalogue number D401), as recommend by the manufacturer.
Cell Culture and Treatments-The HeLa cells were obtained from the Cell Culture Center of Peking Union Medical College and were maintained in DMEM that was supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 g/ml streptomycin (complete DMEM). All of the cultures were incubated in a humidified atmosphere of 95% air and 5% CO 2 at 37°C.
Transfection-The HeLa cells (5 ϫ 10
5 /well) were seeded in 6-well plates and incubated overnight. The plasmids or siRNA were transfected alone or co-transfected using Lipofectamine 2000 (Invitrogen) as recommended by the manufacturer. Fortyeight hours post-transfection, the cells were collected and were analyzed using Western blotting or RT-PCR.
Cell Viability-The cells (5 ϫ 10 3 /well) were seeded in complete DMEM (100 l/well) in 96-well plates and were incubated for 24 h. The plasmids were transiently transfected using Lipofectamine 2000. Untreated cultures were used as negative controls. After 48 h, 20 l of MTT (5 mg/ml) was added to each well, and the plates were incubated at 37°C for 4 h. Following this incubation, 100 l of dimethyl sulfoxide was added to each well to lyse the cells. The absorbance was measured at 570 nm using a multiwell spectrophotometer (E max ; Molecular Devices, Sunnyvale, CA).
RNA Extraction and RT-PCR-The HeLa cells were lysed directly in tissue culture plates using TRIzol (Invitrogen) reagent, and the RNA was isolated as recommended by the manufacturer. DNase-I-treated total RNA was used for first strand cDNA synthesis using Moloney murine leukemia virus reverse transcriptase (Fermentas) and oligo(dT) primers (Invitrogen), as recommended by the manufacturers. The primer sequences are provided in the supplementary materials.
Real Time PCR-The real time PCR was performed using a QuantiTect SYBR Green PCR kit (Qiagen) as recommended by the manufacturer. Human GAPDH mRNA was used as a control, and all of the samples were analyzed in triplicate. The primer sequences are provided in the supplementary materials.
Soft Agar Colony Formation Assay-For the soft agar assay, the HeLa cells were suspended in DMEM that contained 0.35% low melting agarose. The cells were then plated onto solidified 0.6% agarose in DMEM in 6-well culture plates at a density of 1 ϫ 10 3 cells/well. The number of the colonies were observed microscopically (40ϫ) 3 weeks after seeding.
Transwell Migration Assay-HeLa cell migration was assayed using a Transwell system with 8-m pore filters (Costar, Boston, MA). After filling the lower chamber with complete medium, 1 ϫ 10 4 HeLa cells in 0.5 ml of serum-free medium were loaded into the upper chamber. Following 12 h of incubation at 37°C, the cells that migrated to the bottom surface of the membrane were fixed with methanol, stained with 0.5% crystal violet, and microscopically inspected. The cells on the top surface of the membrane were removed with a cotton swab. The A 570 of the cells that had been washed with acetic acid was measured.
Western Blot Analysis-The HeLa cells were collected 48 h following transfection and washed once with PBS. The whole cell lysates were prepared using lysis buffer (50 mM Tris-Cl, 150 mM NaCl, 0.02% NaN 3 , 1% Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate, 5 mg/ml leupeptin, and 1 mg/ml aprotinin). The protein content of the cell lysates was quantified using a BCA protein assay kit (Novagen). The proteins were separated using SDS-PAGE and transferred to nitrocellulose membranes (Schleicher & Schuell). The membranes were blocked at room temperature (24 -26°C) for 1 h in 130 mM NaCl, 2.5 mM KCl, 10 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 0.1% Tween 20, and 5% BSA (pH 7.4). The membranes were then incubated with the appropriate primary antibody overnight at 4°C and were subsequently incubated with an HRP-conjugated anti-rabbit or anti-mouse secondary antibody for 1 h at room temperature. The blots were developed using the Western blotting Luminol Reagent (SC-2048; Santa Cruz Biotechnology, Santa Cruz, CA) as recommended by the manufacturer. The density of target bands was quantified using a computer-aided one-dimensional gel analysis system and Gel-Pro Analyzer 4.0 software. The antibodies were diluted to 1:1000 for the Western blot analysis.
Microarray Analysis-All of the microarray analyses were performed by CapitalBio Corporation.
Immunofluorescence-The HeLa, MCF-7, SMMC-7721, HL-7702, and PNAC-1 cells were maintained as described above. The cells were grown on coverslips to 70% confluence, transfected with pEGFP-H-Ras G12V/Y40C , cultured for 48 h, and washed three times with PBS. The cells were then fixed in chilled 4% formaldehyde for 10 min, washed three times with PBS, and blocked for 30 min in a blocking solution (3% BSA in PBS). Next, the cells were incubated with the primary antibody (anti-H3K56ac or anti-H3K18ac diluted to 1:100 in blocking solution) for 1 h at room temperature. Following two PBS washes, the cells were incubated with the Cy3-AffiniPure F(abЈ) 2 fragment goat anti-rabbit secondary antibody for 1 h and washed three times with PBS. The cells were stained with DAPI for 5 min and washed twice with PBS. The images were captured using a confocal laser scanning microscope (Leica).
Flow Cytometric Analysis of Cell Cycle Distribution-The HeLa cells were harvested, washed twice in ice-cold PBS, and fixed in 1% (v/v) paraformaldehyde for 1 h at room temperature. The cells were then washed twice in ice-cold PBS and fixed in 70% ethanol for 2 h at 4°C. The cells were rehydrated in PBS and then incubated for 30 min at room temperature in a propidium iodide staining solution (0.2 mg/ml propidium iodide, 0.2 mg/ml DNase-free RNase A (Roche Applied Science), and 0.1% Triton X-100 in PBS). A total of 4000 events were acquired using an Epics XL flow cytometer (Beckman Coulter, Fullerton, CA) for each sample. The percentage of cells in the G 0 /G 1 , S, and G 2 /M phases of the cell cycle was determined based on propidium-DNA fluorescence using the system software (Beckman Coulter).
Chromatin Immunoprecipitation-Approximately 3 ϫ 10 6 cells/sample were cross-linked for 10 min in 1% formaldehyde at room temperature. The cells were washed twice with cold PBS and lysed with SDS lysis buffer (Upstate, catalogue number 20-163). The lysates were sonicated in an ultrasonic bath (Bioruptor, Diagenode) to sheer the DNA to an average length of 200 -800 bp. Following the sonication, the samples were centrifuged at 15,000 ϫ g. The supernatants were diluted with ChIP dilution buffer (Upstate, catalogue number 20-153) and immunoprecipitated overnight with rabbit anti-H3K56ac (2 g) at 4°C. The control immunoprecipitations were performed using 2 g of normal anti-IgG antibody. The beads were washed sequentially for 5 min each in low salt (Upstate, catalogue number 20-154: 20 mM Tris-HCl, pH 8, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% SDS), high salt (Upstate, catalogue number 20-155: 20 mM Tris-HCl, pH 8, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% SDS), and LiCl buffers (Upstate, catalogue number 20-156: 10 mM Tris, pH 8.0, 1 mM EDTA, 250 mM LiCl, 1% Nonidet P-40, and 1% deoxycholate) at 4°C. Lastly, the beads were washed twice in 1ϫ TE (Upstate, catalogue number 20-157) for 2 min at room temperature. The DNA was eluted from the beads in 1% SDS, 100 mM NaHCO 3 for 15 min at room temperature. NaCl was added to a final concentration of 200 mM, and the cross-links were reversed for 7 h at 65°C. The eluted DNA was precipitated with ethanol overnight at Ϫ20°C, treated with 20 g of proteinase K, and purified using QIAquick PCR purification columns (Qiagen) as recommended by the manufacturer. The immunoprecipitated DNA (1.5 l) and serial dilutions of the 10% input DNA (1:4, 1:20, 1:100, and 1:500) were analyzed using real time quantitative PCR. The primer sequences are provided in the supplementary materials.
Co-immunoprecipitation Analysis-The HeLa cells were transfected with plasmids expressing His-tagged Sirt1 or Sirt2, GFP-tagged Ras WT, or Ras G12V/Y40C using Lipofectamine 2000. After 48 h, the cells were harvested, washed with ice-cold PBS, resuspended in BC300 buffer (20 mM Tris-Cl, pH 8.0, 300 mM NaCl, 0.2 mM EDTA, 10% glycerol, 0.2 mM PMSF, and 0.2% Tween 20), and pulse-sonicated (Branson digital sonifier) 10 times on ice (3 s with 30% efficiency). The cell lysates were incubated with normal mouse IgG (Santa Cruz Biotechnology, as a negative control) or anti-GFP antibodies (Santa Cruz Biotechnology) overnight at 4°C. Fifty microliters of protein A/Gagarose beads was then added, and the lysates were incubated for another 3 h. The beads were washed five times with BC300 buffer and collected via centrifugation. The precipitated proteins were released by boiling in BC300 buffer, resolved by SDS-PAGE (15%), and probed for Sirt1 or Sirt2 using Western blotting, as indicated. The co-immunoprecipitations of MDM2 and CBP or p300 were performed in an analogous manner.
Statistical Analysis-The statistical analyses were performed using the Student's t test. A p value of Ͻ 0.05 was considered significant (*, p Ͻ 0.05; **, p Ͻ 0.01).
RESULTS
To investigate the relationship between the activation of the Ras pathway and epigenetic modifications, we produced cell lines that overexpressed H-Ras G12V , which is known to constitutively activate the Ras protein (17) . This overexpression resulted in an ϳ60% reduction in H3K56ac (Fig. 1A) .
There are three major Ras effector pathways, namely, the Raf, PI3K, and RalGEF pathways (1-3). To test whether the impact of H-Ras G12V on H3K56ac was specific, we next investigated whether H3K56ac was modulated by the activation of the three effector pathways. We expressed H-Ras , which are known to preferentially activate the RalGEF, PI3K, and MAPK pathways, respectively (Ref. 17 and supplemental Fig. S1A) . A consistent reduction in H3K56ac was observed when the Ras-PI3K pathway was activated (Fig.  1A) . However, no changes in H3K56ac were detected following the activation of either of the other two pathways. Using Western blot analyses, we also examined a number of other histone modifications, including H3K18ac, H3K9ac, H3K14ac, H4K16ac, H4K5ac, and H4K8ac; however, no obvious effects on these epigenetic modifications were observed following the S1B ). The effect of H-Ras G12V/Y40C on H3K56ac was also confirmed in several other cell lines using immunofluorescence analyses ( Fig.  1C and supplemental Fig. S1, C and D) . The results of these experiments indicate that the effect in H3K56ac is similar in the different tested cell lines. PI3K pathway activation in the transfected cells was confirmed by detecting the levels of phosphorylated AKT (Fig. 1B) .
The specific impact of the Ras-PI3K-AKT pathway on H3K56ac may account for why this pathway seems to be more critical for cell proliferation, survival, and migration than are the other two pathways (9, 17, 18, 19) . To demonstrate that the change in H3K56ac was functionally involved in Ras-PI3K-AKT-induced tumorigenesis, we next expressed an H3 mutant protein that mimics the constitutive acetylation of H3K56. This was achieved by replacing the lysine at 56 with a glutamine (H3K56Q). The presence of H3K56Q reduced Ras G12V/Y40C -induced tumor cell proliferation by 65%, colony formation by 76%, and cell migration by 61% (Fig. 2, A-C) . However, a mutation in histone H3 at lysine 18 (H3K18Q) had no obvious effect on these cells. These data suggest that H3K56ac is involved in Ras-PI3K-AKT pathway-induced tumorigenesis. We also verified these effects in HL-7702 (a normal liver cell line) and SMMC-7721 (a hepatoma carcinoma cell line) cells, for which we obtained the same results (supplemental Fig. S1E ).
H3K56ac has been demonstrated to be critical for genomic stability and other cellular functions (15, 16, 20 -27) . Whether H3K56ac is involved in tumorigenesis via the regulation of gene expression is unclear. We performed microarray analyses using total RNA that was isolated from cells that co-expressed histone H3 and EGFP, histone H3 and Ras
G12V/Y40C
, or Ras G12V/Y40C and H3K56Q (Fig. 3, A and B) . The results indicate that the activation of the Ras pathway resulted in the altered transcription of more than 400 genes. Among the affected genes, nearly two-thirds were up-regulated. Notably, the presence of H3K56Q resulted in the down-regulation of more than 83% of the genes that were up-regulated by Ras activation. Furthermore, one-third of the genes that were down-regulated by Ras activation were rescued to the same basal level as the controls in the presence of H3K56Q. Thus, this result supports a repressive role of H3K56ac in the transcriptional regulation of Ras-induced genes. The expression of an H3 mutant protein that mimics the constitutive loss of H3K56ac by replacing the lysine at 56 with an alanine (H3K56A) consistently resulted in the up-regulation of two-thirds of the affected genes (Fig. 3A) .
There are certain genes that are up-regulated by Ras activation that are known to be associated with tumor progression. CYR61 was demonstrated to promote cell proliferation by inhibiting carboplatin-induced apoptosis (28) , and CDC14A was observed to stabilize the complex of ErK3 and cyclin-D3, which is implicated in cellular proliferation (29) . CDC14A also promotes cellular proliferation by dephosphorylating Sirt2 (30, 31) . The expression of certain other genes, including CD36 and Arhgap5, has also been implicated in tumorigenesis via the negative regulation of cell-extracellular matrix adhesion and/or antiangiogenic effects (32, 33) . The altered transcription of these genes that was observed following overexpression of constitutively active Ras was also confirmed using real time PCR (Fig. 3C) . Similar to what was observed for the other genes, the transcription of these genes was rescued by ϳ50% in the presence of H3K56Q.
To further confirm that H3K56ac was directly associated with the transcription of these genes, we next performed ChIP experiments (Fig. 3D) . Consistent with the observed global reduction in H3K56ac that was detected by Western blotting, we observed a reduced level of H3K56ac at the promoters of these up-regulated genes following the activation of the Ras-PI3K-AKT pathway. This result supports the hypothesis that H3K56ac is largely a marker for silenced genes but that it also marks a significant fraction of activated genes. This finding is consistent with a previous study reporting that H3K56ac marks both transcriptionally active and inactive genes (34) .
A recent study suggested that Sirt1 and Sirt2 deacetylate H3K56 (35) . We therefore examined whether the Ras-induced reduction in H3K56ac and promotion of cell proliferation and migration could be rescued by depleting Sirt1 and Sirt2. HeLa cells were therefore co-transfected with pEGFP-H-Ras G12V/Y40C and siRNAs against Sirt1 or Sirt2. As expected, the depletion of either Sirt1 or Sirt2 rescued the observed Ras-induced decrease in H3K56ac (Fig. 4A and supplemental Fig. S3, A and B) . Consistent with this result, Sirt1 or Sirt2 depletion also attenuated the observed Ras-induced changes in the cell cycle, as well as the alterations that were observed in tumor cell migration and proliferation (Fig. 4, B-D) . HDAC1 and HDAC2 have also been reported to deacetylate H3K56ac, and we confirmed that the depletion of HDAC1 and HDAC2 caused H3K56 hyperacetylation (Ref. 9 and supplemental Fig. S3E ). We also observed a modest increase in H3K56ac under the background activation of Ras-PI3K-AKT (supplemental Fig. S3F) ; however, this increase was not as obvious as was observed following Sirt1/2 depletion. The association of Sirt1/Sirt2 and HDAC1/HDAC2 with the affected genes was analyzed using ChIP (supplemental Fig. S4, A and B) .
We performed real time PCR to ascertain whether the transcription of CYR61, CDC14A, CD36, and Arhgap5 was affected following the rescue of H3K56ac by Sirt1 and Sirt2 depletion. Indeed, Sirt1 or Sirt2 depletion partially rescued the transcription of these genes (Fig. 4E) , supporting a role for Sirt1 and Sirt2 in Ras-PI3K-AKT signaling-induced gene expression. HDAC1 and HDAC2 appear to play a transcriptional role different from that of Sirt1 and Sirt2 in the regulated genes ( Fig. 4E and supplemental Fig. S4A ). Several Ras-induced genes were observed to be bound by HDAC1/2 (supplemental Fig. S4B ), supporting a relationship between Ras-induced genes and these enzymes; however, the exact mechanisms of these regulators in the transcription of Ras-induced genes remain unclear.
We next investigated how H3K56ac is regulated by the Ras-PI3K-AKT pathway. We first examined the transcription of the genes that encode the enzymes that regulate the acetylation and deacetylation of H3K56ac. These genes included the histone acetyltransferases Gcn5, CBP, and p300; the histone deacetylases Sirt1 and Sirt2 (20, 35) , HDAC1, and HDAC2 (36) ; and the histone chaperone ASF1A, which is known to be required for H3K56ac (35) . The transcriptional level of these genes was not affected when the Ras pathway was activated (supplemental Fig.  S2A ). Notably, a decrease in the protein levels of tagged p300 and CBP was observed. No such decreases were observed in association with the other factors ( Fig. 5A and supplemental  Fig. S2B ). The histone acetyltransferases p300 and CBP are known to be involved in malignancy (37) and to regulate H3K56ac (35) . To ensure that the observed reduction in the levels of tagged p300 and CBP were not the result of the artifi- cial transgenic system we employed, we further analyzed endogenous p300 and CBP expression. We observed that, similar to the tagged version of these proteins, endogenous p300 and CBP were also consistently down-regulated following Ras-PI3K pathway activation (Fig. 5A) . To further confirm whether p300 and CBP physically associated with the affected genes, we next performed a ChIP analysis. The results of these experiments demonstrate that ϳ70% of the tested genes that exhib-FIGURE 3. The transcription of Ras-PI3K-AKT-targeted genes can be partially rescued by increased H3K56ac. A, the genes that are differentially expressed following Ras-PI3K (Ras) activation alone and in combination with the expression of the acetylation mimic H3K56Q were determined using microarray analysis. The effect of the H3K56A mutation, which mimics the nonacetylation state of H3K56 via a lysine-to-alanine substitution, was measured by another set of microarray analyses. B, the number of genes that were differentially expressed is shown. C, the transcription of several genes was confirmed using real time PCR. The values are presented as the means Ϯ S.E. percentage relative to GAPDH expression. D, as detected using ChIP, reduced levels of H3K56ac are present on the differentially expressed genes. ERK1 was used as a negative control. The values are presented as the means Ϯ S.E. from three independent experiments. ited reduced H3K56ac following Ras-PI3K activation also exhibited a reduction in p300 or CBP binding (Fig. 5B) . These results support the hypothesis that p300 and CBP are responsible for the Ras-PI3K-induced reduction in H3K56ac.
Because the expression of p300 and CBP was not affected at the transcriptional level, these proteins are likely regulated post-transcriptionally. To confirm this possibility, the transfected cells were treated with MG132, a known proteasome inhibitor. Our Western blotting analysis indicated that the presence of MG132 indeed reversed the observed reduction in p300 and CBP levels following the activation of the Ras-PI3K-AKT pathway (Fig. 5C, upper panels) . Using the same experimental approach, we also confirmed that the addition of MG132 reversed the reduction in H3K56ac (Fig. 5C, lower panels) . These results therefore suggest that the activation of the Ras-PI3K-AKT pathway likely decreases H3K56ac via the proteasome-mediated degradation of CBP/p300.
It is well established that the E3 ubiquitin ligase MDM2 is both the major substrate of AKT and is responsible for the degradation of several different histone acetyltransferases (38, 39) . Therefore, we examined whether MDM2 is involved in the degradation of CBP/p300 following the activation of the Ras-PI3K-AKT pathway. HeLa cells were co-transfected with Ras G12V/Y40C and HA-tagged p300 or CBP expression plasmids with or without an MDM2-His expression plasmid. Whole cell extracts were analyzed for p300 and CBP expression (Fig. 6, A and B). The results of these experiments indicated that the coexpression of H-Ras G12V/Y40C and MDM2 indeed caused a significant reduction in HA-p300 and HA-CBP expression. However, when we performed the assay using an MDM2 C464A mutant, which is mutated in the RING-finger domain and lacks ubiquitin ligase activity, no such changes in p300 and CBP protein levels were observed (Fig. 6, C and D) . These results support the finding that MDM2 activity is required for the degradation of p300/CBP.
The above result raised the question of whether the reduction in p300 and CBP levels following RAS-PI3K-AKT activation is a consequence of an up-regulation of MDM2. We therefore used an anti-MDM2 antibody to detect changes in the levels of endogenous MDM2 protein following the activation of Ras signaling. The result of this experiment indicated that the MDM2 protein level was indeed increased severalfold (Fig. 6E) . This result is in agreement with a previous study that demonstrated that MDM2 protein levels increased in Ras G12V -overexpressing NIH3T3 cells and induced CBP/p300 degradation (40) . However, the transcription of the MDM2 gene appeared to be unaffected following the activation of the Ras pathway (supplemental Fig. S2E ).
To confirm that the up-regulation of MDM2 caused the observed degradation of p300/CBP, we next knocked down MDM2 expression in H-Ras G12V/Y40C -expressing cells using MDM2 siRNA. The results of this experiment indicated that G12V/Y40C or pEGFP-N1 plasmids and a Sirt1-or Sirt2-specific or control siRNA as indicated (Ras, GFP, si-Sirt1, si-Sirt2, or si-con, respectively). As detected using Transwell and cell viability assays, Sirt1 or Sirt2 depletion resulted in reduced cell migration and cell viability (B and C). Cell cycle progression was measured using flow cytometry (D). E, HeLa cells were transfected with siRNA to deplete Sirt1 and Sirt2. The transcription of genes was examined using real time PCR. The values are presented as the means Ϯ S.E. percentage relative to GAPDH expression. the decrease in H3K56ac was indeed prevented (Fig. 6, F and G) , suggesting that Ras-PI3K-AKT regulates H3K56ac via MDM2-mediated CBP/p300 degradation. We also confirmed the connection between CBP/p300, MDM2, and H3K56ac in HL-7702 cells and SMMC-7721 cells following the activation of the Ras-PI3K pathway (supplemental Figs. S5 and S6 ).
DISCUSSION
It is well established that Ras promotes the initiation of several types of human tumors. However, among the three Ras effector pathways, the PI3K/AKT pathway appears to be more important than the others in terms of tumor maintenance (9, 17) . It is therefore of interest to determine the mechanism by which the Ras-PI3K pathway participates in tumorigenesis. In this study, we demonstrated that the Ras-PI3K effector pathway, but not the Ras-MAPK or RalGEF pathways, specifically regulates H3K56ac. This result supports the hypothesis that the Ras pathways have different functions, possibly as a result of specific epigenetic modifications.
Histone H3K56 acetylation was demonstrated to be critical for genome stability (15, 16, 20) and to be associated with multiple types of cancer (35) . In yeast, H3K56ac regulates a number of cellular events, including gene activity (41) (42) (43) , histone replacement (44), chromatin assembly (15), DNA replication, DNA repair, and gene silencing (46, 47) . H3K56 acetylation is believed to exert an effect on the nucleosome and chromatin via the recruitment of an SWI/SNF-like nucleosome remodeling complex (41, 46, 48) . Recent studies have demonstrated that H3K56ac is present on active and inactive genes (34, 49, 50) . The results of the present study support both a negative and positive role of H3K56ac in gene transcription. However, given FIGURE 5. Ras-PI3K-AKT pathway activation is associated with CBP/p300 degradation. A, HeLa cells were transfected with 0.6 g of pEGFP-H-Ras G12V/Y40C , 0.6 g of pEGFP-N1, and 3 g of CBP-HA or p300-HA plasmids. The cell lysates were analyzed using Western blotting. B, the recruitment of CBP and p300 to the genes that exhibited changes in H3K56ac was analyzed using ChIP analysis, with IL-8 as a positive control and Mef2c, GATA4, and Nkx2.5 as negative controls. C, whole cell extracts from HeLa cells that were treated with MG132 were prepared, and the CBP and p300 protein levels were analyzed using Western blotting with antibodies against HA and GFP. Whole cell extracts from HeLa cells that were untreated (the samples were collected at 24, 48, 51, 54, and 60 h following transfection; upper panel) or treated with MG132 (the MG132 was added at 48 h following transfection, and the samples were collected at 24, 48, 51, 54, and 60 h following transfection; lower panel) were analyzed using Western blotting. FIGURE 6. The Ras-PI3K-AKT signaling pathway-induced degradation of p300 and CBP is mediated by MDM2. A and B, MDM2 induces the degradation of p300 (A) and CBP (B). HeLa cells were co-transfected with 1 g of p300-HA or CBP-HA, 0.6 g of pEGFP-H-Ras G12V/Y40C , 0.1 g of pEGFP-N1 plasmids and increasing amounts of MDM2-His plasmid (0.5, 1, and 2 g). C and D, a mutation in MDM2 (MDM2-MU) that abolishes its ubiquitin ligase activity prevents p300 and CBP degradation. The HeLa cells were co-transfected as indicated. E, whole cell extracts from HeLa cells that were transfected with pEGFP-N1 or pEGFP-H-Ras G12V/Y40C were analyzed using Western blotting. F, the efficiency of the siRNA-mediated MDM2 knockdown. G, The co-transfection of pEGFP-H-Ras G12V/Y40C and MDM2-specific siRNA restores H3K56ac to normal levels.
that the genes that were observed to be up-regulated by Ras-PI3K pathway activation are associated with a reduction in H3K56ac in their promoter regions, H3K56ac appears to negatively regulate transcription in this context. This negative regulation is also supported by the fact that the presence of H3K56Q (the acetylation mimic) also induced reductions in transcription (Fig.  3) . Furthermore, the loss of H3K56ac, which was achieved by the expression of the H3K56A mutant, resulted in increased transcription of nearly two-thirds of the affected genes (Fig. 3A) .
The exact role of H3K56ac in the transcriptional repression of Ras-induced genes is unclear. Given that H3K56ac also participates in DNA damage repair and other chromatin activities, one cannot exclude the possibility that the observed changes in gene transcription may be an indirect effect of reduced H3K56ac on the chromatin. Our ChIP analysis of H3K56ac regulators confirms that the reduction in H3K56ac correlates well with reduced levels of p300 and CBP. These proteins are both histone acetyltransferases and are known to be associated with transcriptional activity. Sirt1/2 also appear to be involved in Ras-induced cellular activity. However, we did not detect Sirt1/2 in the ChIP analysis of genes that were affected by Ras up-regulation. It is unclear whether the observed effects of Sirt1/2 on Ras-induced cellular and gene activity were indirect or were due to the specificity/sensitivity of the antibody used, which failed to detect the presence of or any change in the levels of these regulators among the tested genes. Overall, our results are consistent with a report that H3K56ac marks both transcriptionally active and inactive genes (34) .
How is H3K56ac specifically regulated following Ras-PI3K pathway activation? We demonstrated that the decrease in H3K56ac is mediated by CBP/p300 (Figs. 5 and 6 ). However, other modifications, such as H3K18ac, are also known to be induced by CBP/p300 (51) . Surprisingly, no clear changes in H3K18ac were observed following Ras pathway activation. Similarly, the acetylation of several other lysine residues, including H3K9, H3K14, H4K16, H4K5, and H4K8, which is regulated by the same enzymes as H3K56, was unaffected (supplemental Fig.  S1B ). This result implies that the precise regulation of the specific modification is more complicated than has been believed. In a previous study, it was also shown that depletion of CBP or p300 only affected specific histone acetylation (51) . Notably, the viral protein E1A and the regulatory protein Twist bind to p300 and inhibit its activity (52) (53) (54) , and E1A has a stimulatory effect on the histone acetyltransferase activity of CBP (55) . The recruitment of CBP/p300 onto a specific gene promoter can be regulated via specific protein-protein interaction (56, 57) and the finding that CBP/p300 is a cell type-specific modulator of transcription (58) all support that the histone acetyltransferase activity of CBP/p300 is regulated by a number of other factors. Therefore, the specific effect of CBP/p300 on H3K56 may be due to the requirement for specific partners or the formation/ function of CBP/p300 complexes, either of which would allow for specific recognition of the H3K56 acetylation following Ras signaling activation. Alternatively, Ras-induced changes in other histone acetyltransferases may compensate for the observed reduction in these modifications (45) . Future studies are required to explore these possibilities.
We provide evidence that the reduction in CBP/p300 levels was due to the MDM2-mediated protein degradation. This conclusion is supported both by the degradation of tagged p300/CBP in the presence of MDM2 and increased endogenous MDM2 protein levels following Ras activation. The transcriptional level of the MDM2 gene did not appear to be affected (supplemental Fig. S2E ), suggesting that MDM2 is post-transcriptionally regulated. The precise mechanism of MDM2 upregulation following RAS-PI3K activation is unclear. Our results suggest that MDM2 is involved in the down-regulation of CBP/p300 and H3K56ac given that the depletion of MDM2, under the condition of Ras activation, rescued both the degradation of both CBP and p300 and the reduction in H3K56ac (Fig. 6) .
Taken together, our findings demonstrate that H3K56ac is specifically targeted by the oncogenic Ras-PI3K pathway. We also demonstrate a regulatory mechanism that links the Ras-PI3K signaling pathway to specific regulators of H3K56 acetylation in tumorigenesis; this mechanism may serve as a novel therapeutic target for tumor prevention.
